Compact linear Fresnel reflector (CLFR) system employing multiple receivers is promising with better optical performance and cost effectiveness compared to linear Fresnel reflector (LFR) system, especially for applications with limited ground availabilities. Nevertheless, only few researches have been conducted to evaluate optical design and performance of the CLFR system. In this study, geometrical models for the CLFR system with flat mirrors and receivers are developed on the basis of polar orientation. A comparative study of concentration characteristics among the LFR, CLFR-complete and CLFR-hybrid systems is conducted based on numerical, ray tracing simulation and experimental results. In addition, optical design analyses of the CLFR-hybrid system are carried out from various design aspects. It is noteworthy that the mirror arrangement and focal length should be optimized for the CLFR-hybrid system with considerations of the associated geometrical characteristic and optical performance. For a small-scale CLFR-hybrid system with a solar field width of 2100mm and a focal length of 1500mm, the geometrical concentration ratio of 15.14 and ground utilization ratio of 0.95 are achieved respectively. The findings demonstrate the feasibility of the CLFR-hybrid system with flat mirrors and polar orientation, which provide progress to the concentrated solar power technology. 
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Introduction
The supply shortage of conventional fossil fuels and environmental concern about climate changing lead to a great need to harness renewable energy for a sustainable future. Solar energy is regarded as the largest available carbon-neutral energy on the planet, which offers great potentials to be utilized by various technologies [1] . Besides direct conversion of the solar radiation into electricity with photovoltaic technology, the solar energy also can be transformed into thermal energy by solar collectors. Generally, solar collectors are categorized into non-concentrating and concentrating types. Non-concentrating solar collectors are commonly used in domestic hot water heating systems, whereas concentrating solar collectors are popular in thermal power generations with high efficiencies at medium to high operational temperatures, especially for locations receiving high solar beam radiation [2] .
Based on the focus geometry, concentrating solar collectors are classified into parabolic tough concentrator (PTC), solar tower concentrator (STC), parabolic dish and linear Fresnel reflector (LFR) concentrator. Though PTC is a more mature and widely applied technology, its higher initial cost, complex manufacture process and serious challenge of wind resistance are noted [3] . Alternatively, the LFR system in a simple design is capable of harnessing the solar radiation efficiently with less land usage [4] . It has been proved to be a better choice for energy production where land availability is limited [5] . For the LFR system with a single centred receiver as illustrated in Fig. 1 , each mirror element is suitably placed at a proposed tilt angle so that the incident solar radiation converges onto the receiver after reflection. Optical designs of the LFR system have been investigated from different aspects, such as solar field layout and orientation, tracking algorithm and aiming strategy, reflector curvature and receiver configuration [6] . Among them, the solar field orientation influences significantly the other optical parameters. For instance, the complexity of a tracking mechanism depends on the orientation. Three common orientations are namely north-south, east-west and polar axis. Both north-south and east-west orientations are mostly preferred for applications, with which tracking schemes are based on the flat ground. In operation, reflectors follow the sun movement by varying their tilt angles under the control of a tracking system [7, 8] . Consequently, end or lateral losses may occur when the reflected solar rays do not impinge on the receiver due to the longitudinal component of the solar radiation [9, 10] .
On the other hand, mirrors involved in the LFR system are commonly predefined with constant width and shift for the sake of simplicity. Such a simple optical design results in shading of the incoming solar radiation and blocking of the reflected solar radiation by adjacent mirror elements [11] , which are illustrated in Fig. 2 . Numerous researches have been conducted to minimize energy losses owing to the end, inter-row shading and blocking effects. For example, optical variables such as the width and position of each mirror element, gap between consecutive mirrors and receiver height have been considered in literatures [9, 10, 12, 13] . Abbas and Martínez-Val [13] observed an evident increase in the annual energy 3 efficiency for a LFR system with mirrors of variable widths and shifts, but more complicated optical modelling and additional installation cost are required accordingly. On the other hand, the receiver has remarkable impacts on optical and thermal performances of the LFR system as well, which can be assembled horizontally, vertically or in triangular configuration [14] .
To address the drawbacks of shading and blocking of the LFR system, Barlev, Vidu and
Stroeve [1] suggested increasing receiver height, but the spacing between two adjacent mirror elements causes more ground usage and investment on the receiver tower. Contrarily, the system with polar axis orientation is more efficient with the simplest tracking system and the absorbed solar energy can be maximized while energy losses are minimized [15] . The polar orientated system has great adaptability to terrain with reduced installation requirement and cost. The simple polar mounted system usually adopts one single axis aligned to be roughly parallel to the axis of the earth rotation around the north and south poles. On the other hand, to ensure the solar field perpendicular to the solar rays throughout the year, various designs of the dual-axis solar tracker are proposed to follow the sun movement in both elevation and azimuth directions as reflectors and receiver are fixed at predefined tilt angles and positions [16, 17] . Comparatively, dual-axis tackers are more promising for small-scale applications, whereas more structural considerations should be taken for large scale applications due to variable inclination angles of the entire solar field. Practically, the impacts of high slope and large solar field not only complicate the support structure required to elevate the array, but also increase the wind load which rises exponentially with height above the ground [18] . Alternatively, an innovative concept of compact linear Fresnel reflector (CLFR) system with multiple receivers is developed to minimize energy losses as depicted in Fig. 3 . Different from the LFR system, one receiver is installed at each side of the solar field, which allows consecutive mirrors to redirect the sunlight to the two receivers respectively. The CLFR system has better system cost effectiveness [19] and is promising for applications with limited ground availabilities [1] . In terms of optical performance evaluations of the LFR and CLFR systems, studies have been conducted through numerical modelling [7, 9, [22] [23] [24] , ray tracing simulation [10, 13, [25] [26] [27] and experiment [28] [29] [30] [31] . For instance, Barale, Heimsath, Nitz and Toro [6] adopted a generalized methodology to optimize geometry for a LFR prototype built in Sicily, including optical modelling with ray tracing techniques and effect analyses of mirror and receiver 6 geometries. On the other hand, Pino, Caro, Rosa and Guerra [29] simulated a LFR solar plant using optical and thermodynamic modelling, which was validated with operating data gathered from a supervisor system.
Researches in the optical design and performance evaluation of the CLFR system through simulation and experiment are limited in the literature. The investigations in the existing literature generally have been conducted for the CLFR system with north-south and east-west orientations, while the polar orientated CLFR system has not been concerned much.
Furthermore, the optical performance comparison between the LFR and CLFR systems has been rarely mentioned in the literature, which would be desirable for realizing and promoting the CLFR system application. Thus, the optical design and performance evaluation of a small-scale CLFR system with polar orientation are carried out in this study. Through numerical simulation, optical design of the CLFR-hybrid system is assessed from different design aspects (e.g. mirror array arrangement, solar field area, focal length, receiver tilt angle, etc.) by evaluating associated geometrical parameters and optical performance.
Geometrical modelling of CLFR system
Geometrical modelling of the CLFR system is developed by referring to the methodology in literatures [23, 32] . The modelling is based on polar orientation, flat mirrors are defined with variable widths and spacing to eliminate end, shading and blocking effects. Two flat receivers are designed to absorb the reflected solar rays with a given full width (2B) and an inclination 7 angle ( ). In addition, the sun conical angle (represented by 1 2 2 3'  ) is considered for more accurate optical design. The following assumptions are made:
(1) The system has a perfect tracking scheme to follow the sun movement; (2) Only direct/beam solar radiation is considered.
(3) The sunlight rays are incident axially, which perfectly and normally collimate on mirrors in the solar field; (4) Flat mirror elements are featured to be specularly reflecting.
Common tilting mirror array modelling
For the CLFR-hybrid system, the mirror arrangement of the common tilting array near the receivers is identical to that of the LFR system, while mirror elements in the central field are placed with alternating tilts to focus the sunrays on the respective receivers. The geometrical model for the common tilting array is established, which can be also applied for the LFR system. Regarding to axially symmetric feature of the CLFR-hybrid system, a basic geometry of the left-sided common tilting mirror array is illustrated in 2 cos ( 2 sin ) tan tan 2 sin 2 sin
To eliminate shading and blocking problems, the sunlight rays impinging on the lower edge of the second mirror firstly touches the upper edge of the first mirror element and then strikes at the receiver lower edge after reflection. Following the similar logic, design variables of the nth mirror element are expressed as:
Central alternating mirror array modelling
A schematic diagram of the CLFR-hybrid system for modelling the central alternating mirror array is presented in 
In the central alternating solar field, the even and odd mirror elements have different features as they redirect the solar rays to two respective receivers. 
For the case that the prior mirror's lower edge is lower than that of the latter one (i.e.
For the other case that the prior mirror's lower edge is higher than that of the latter one (i.e.
On the other hand, variables of the odd mirror elements are given as:
Furthermore, the developed model of the central alternating mirror array can be also applied 
Evaluation metrics
In this study, optical performances of the LFR and CLFR systems are mainly evaluated by three factors, namely geometrical concentration ratio, ground utilization ratio and solar illumination on the receiver surface. Theoretically, for the system with horizontally orientated flat receiver(s), the geometrical concentration ratio (CR) is defined as the ratio of the total mirror field area to the receiver surface area [33] . For the LFR system, it is expressed as 
Where N is total number of mirror elements.
14 For the CLFR-hybrid system, CR is given by 
Where subscripts ln and rn indicate mirror elements in the left-sided and right-sided common tilting arrays respectively and cn represents an alternating mirror in the central solar field.
For the CLFR-complete system, CR is defined as 
The ground utilization ratio (k) implies the ratio of the total mirror field area to the total solar field area. For the LFR system, it is given by 
Modelling approach
Matlab is used to solve the developed geometrical models in Section 2, and then the mirror element profile including the width, tilt angle and reference position for a given system can be produced accordingly. To investigate solar radiation distributions on receiver surfaces, ray tracing simulation is implemented with the advanced TracePro program. The ray tracing simulation is capable of verifying the defined tilt angles and shifts of mirrors whether lateral,
shading and blocking problems occur. A flow chart showing the whole simulation process in this study is presented in Fig. 7 .
In TracePro program, flat mirrors are assigned with reflectance of 95% and receivers are defined with absorptance of 0.9. For simulation, the solar field is divided into a large number of equal divisions and in each division, a cone contains a certain number of generated uniform solar rays, which are all defined to be normally impinged onto the solar field [32] .
The solar irradiance value as the input parameter in the radiation profile is determined in accordance with the local weather condition. In such way, the absorbed solar radiation value could be validated with the experimental data under the same weather condition.
Experiment set up

Experiment description
A small-scale CLFR test rig is designed and constructed in Nottingham (latitude of 52.97°
and longitude of 1.18°). Specifications of the test rig are presented in Table 1 . The test rig has an overall solar field area of 2.10m 2 , which is feasible to track the sun movement freely. Due to the small-scale set up, narrow flat mirrors and horizontally placed flat receivers are employed. Mirror Element Thickness 5mm
Receiver Width 64mm
Receiver Length 1000mm
Receiver Inclination Angle 0° 18 As shown in Fig. 8 , the test rig mainly comprises a base framework, a solar field platform with supporting beams, saw-tooth shaped bases, mirror elements and receivers with flexible supporting structures. For the polar orientation, the inclination angle and position of the solar field platform relate to the solar altitude and azimuth at a specific time. Hence, the supporting beams are employed to provide an accurate inclination angle for the solar field platform. A series of flat mirror strips are placed onto the saw-tooth shaped bases at the proposed positions and tilt angles, which are obtained from the theoretical modelling. 
Flux measurement
The main objective of the experiment is to obtain the total received solar intensity on receiver surfaces. To achieve this, flux measurement is required either using a direct or indirect 19 measuring method. Calorimeter and flux sensor are the common direct measuring instruments to provide flux value on a target, while an indirect device is capable of providing a continuous flux map. Digital camera is mostly preferred as the indirect measuring instrument by offering good resolution. For a good quality digital camera, a sensor is made up of millions of small photosensitive sensors (pixels) and outputs a voltage directly relating to the amount of photons which strike it [34] . The amount of photons hitting each pixel is directly proportional to the flux incident on a target. In this study, a Nikon D90 digital camera is used to produce irradiance maps on receiver surfaces. Reference images of receiver surfaces are taken under different irradiance levels for calibration. Additionally, a pyranometer is employed to record the solar radiation level during the experimental period. In terms of data processing, the image processing toolbox in Matlab is used to obtain the received solar flux.
Results and discussion
Optical performances of LFR and CLFR
Mirror array arrangement
Regarding to operability of a small-scale system with polar orientation, the solar field with a width of 2100mm and a length of 1000mm is adopted for the LFR, CLFR-hybrid and CLFRcomplete systems at a focal length of 1500mm. In addition, three arrangements are proposed for the CLFR-hybrid configuration with different ratios of the common tilting mirrors to the alternating ones. As listed in Table 2 , the total number of mirror elements varies greatly for different configurations. With the same solar field width and focal length, the CLFRcomplete system accommodates 56 pieces of flat mirrors, while the LFR system only allows 42 pieces to be placed in the solar field. It is also seen that with fewer mirrors in the common tilting array, more mirrors could be added in the alternating array. The results imply that the 20 alternating array requires less ground area, which contributes to a more densely packed array arrangement for the CLFR system. 
Concentration and utilization ratios
Optical performances of the above five configurations are shown in Fig. 9 . By comparison, the CLFR-hybrid configurations have relatively higher concentration and utilization ratios, which are in consistent with the findings in literature [19] . Though the CLFR-complete system consists of more mirror elements, its concentration ratio is lower than those of the three CLFR-hybrid configurations owing to the large proportion of narrower mirrors located far from the respective targeted receivers. Theoretical results reveal that the CLFR-hybrid system could be a favourable alternative to the LFR system with higher concentration and ground usage ratios. On the other hand, the combination of mirror elements placed in the common tilting and alternating arrays influences not only the geometrical aspect but also optical performance. Among the CLFR-hybrid A, B, C systems, the most densely packed CLFR-hybrid A system with comparatively fewer mirrors in the common tilting array has the best optical performance, the geometrical concentration ratio of 15.14 and ground utilization ratio of 0.95 are obtained respectively. 
Optical design for CLFR-hybrid system with limited solar field area
Analysis is conducted to evaluate various optical designs of the CLFR-hybrid system from different design aspects, including the limited solar field area, total number of mirrors, focal length and receiver inclination angle. Based on the previous analysis, the CLFR-hybrid A configuration is chosen to assess the effect of focal length on the optical performance while 23 the solar field width and length are set as 2100mm and 1000mm respectively. The gaps D and d are accordingly adjusted for the focal length varying from 1100mm to 1900mm.
Mirror variables
The mirror profile of the CLFR system is evaluated based on the geometrical modelling results. The mirror width variations of the CLFR-hybrid A configuration at different focal lengths are presented in Fig. 11 . Generally, the farther a mirror element is placed from its targeted receiver, the narrower width and larger tilt angle. However, the mirror width variation is more significant at a smaller focal length. In other words, much wider and 
Optical performance
24
With regard to optical performance, the numerical results presented in Fig. 12 show that the focal length influences both concentration and ground utilization ratios as the solar field area is limited to a given value and there exists an optimum focal length. Both ratios gradually increase as the focal length rises from 1100mm to 1500mm, and decrease with a further increase in the focal length. For the investigated solar field area of 2.10m 2 , the optimum focal length for the CLFR-hybrid A configuration is 1500mm, at which both concentration and utilization ratios reach the maximum values. should be optimized for optical design of the CLFR-hybrid system with a limited ground area to achieve better optical performance. 
Illuminance map
Ray tracing simulation is then implemented to verify the proposed optical design on the basis of the geometrical modelling and produce the illuminance map. The ray tracing simulation of the CLFR-hybrid A system with a solar field width of 2100mm and a focal length of 1500mm is presented in Fig. 15 . It can be evidently seen that the receivers on both sides receive all reflected rays from the proposed mirror array. For the sake of simplicity, solar radiation distributions on receiver surfaces are obtained with only one mirror element through both experiment and ray tracing simulation, and illuminance maps are presented in Fig. 16 . It is observed that almost the entire receiver surface is fully illuminated by the reflected solar rays from the mirror element, which is different from that of the CLFR system with point focusing Fresnel lens. The solar radiation distribution across the receiver surface from the experimental image is not well uniform owing to its uneven pattern.
Comparatively, more uniform distribution on the receiver surface can be found in the TracePro illuminance map except for the boundary regions. This is due to the fact that the total number of generated solar rays for tracing is limited in TracePro program, and the 27 generated rays from the defined solar source could not perfectly strike at the edges of each mirror element. 
Optical design for CLFR-hybrid system with limited mirrors
Besides the design limitation of the solar field area, the total number of mirror elements could be another restriction. Investigations are carried out for optical design of the CLFR-hybrid system with the fixed total number of mirrors as the focal length and solar field area vary accordingly to accommodate mirrors adequately. As presented in Table 3 , to ensure 50 mirrors properly placed in the solar field, only a slight variation in the solar field width is observed while the focal length reduces from 2800mm to 700mm. Variations of concentrating and utilization ratios for the CLFR-hybrid configurations with the focal length are shown in Fig. 17 . It is worth noting that the CLFR-hybrid A system with a focal length of 1500mm and the largest solar field area is the optimum solution for accommodating 50 mirror elements. The concentrating ratio increases as the focal length rises from 700mm to 1500mm, it reaches the maximum value of 15.14 as receivers are located at a height of 1500mm, and then decreases as the focal length continues to increase.
Similarly, the utilization ratio reaches the maximum value of 0.95 at a focal length of 1500mm. Thus, the results imply the necessity to identify the optimum focal length and solar field area for the CLFR-hybrid system when the mirror array arrangement is defined with limited total number of mirror elements. 
Optical design for CLFR-hybrid system at a given focal length
Investigations are then conducted to figure out the optimum arrangements for the solar field width ranging from 1500mm to 5000mm as the focal length is fixed at 1500mm. As listed in Table 4 , the proportion of mirrors in the central alternating array varies for different 29 configurations. For a larger solar field area, fewer mirrors could be accommodated in the central alternating array while more mirrors are required in the common tilting array to achieve a higher concentration ratio. For instance, around 63% of total number of mirrors are placed in the central alternating array for the smallest solar field with a width of 1523mm, while only 5% of mirrors are in the central alternating field for the largest solar field with a width of 4997mm. On the other hand, a wider solar field leads to a greater variation range in mirror width at the given focal length. Therefore the number of narrow mirrors should also be taken into consideration, as extreme narrow mirrors located far from the receivers could not be accepted for practical application. Variations of concentration and utilization ratios with the solar field width are illustrated in Fig. 18 . It can be clearly seen that a larger solar field with more mirror elements leads to a higher concentration ratio. However, in order to avoid the shading and blocking problems, the total gap between adjacent mirrors increases accordingly with the solar field width, which results in a lower utilization ratio. Consequently, a comprehensive procedure should be followed to derive an optimal design of the CLFR-hybrid system, by taking the mirror array arrangement, focal length, concentration characteristic and ground usage into account. 
Optical design for CLFR-hybrid system with variable receiver inclination angles
Previous investigations are conducted for the CLFR-hybrid system with horizontally oriented flat receivers, nevertheless flat receivers can be placed at an inclination angle. To evaluate the effect of receiver inclination angle on the optical performance of the CLFR-hybrid system, an angle range of 0° to 90° is considered for both receivers with a focal length of 1500mm and a solar field width of 2100mm. Variations of concentration and utilization ratios with the receiver inclination angle are illustrated in Fig. 19 . It is noteworthy that the highest concertation ratio is achieved with horizontal receivers. Both concentration and utilization ratios decrease remarkably as the receiver inclination angle is over 55°. Though more mirrors could be placed in the solar field for receivers at higher inclination angle, the system concentration ratio is lower due to the larger amount of narrow mirrors. For example, the widths of mirror elements in the common tilting array are less than 10mm for receivers at an inclination angle of 70°, while much wider mirrors (i.e. 48mm) are involved for receivers placed horizontally. On the other hand, the utilization ratio decreases dramatically with the 31 receiver inclination angle. This is due to the fact that the gap between two adjacent mirrors gets much larger as the receiver inclination angle increases. In particular, for vertically orientated receivers, the large inevitable space between the first mirror element and receiver results in the lowest utilization ratio. (2) Concentration ratio of the CLFR-hybrid system increases with the total number of mirror elements, while its utilization ratio decreases conversely. The ground usage should be considered to avoid a low utilization ratio while achieving a high concentration ratio.
(3) There exists an optimum mirror array arrangement for the CLFR-hybrid system even though a more densely packed mirror array is favourable. The optimum proportion of alternating mirrors in the central alternating array varies remarkably with the solar field area at a given focal length. For a larger solar field, more mirrors should be accommodated in the common tilting array to achieve a higher concentration ratio.
(4) There is an optimum focal length for the CLFR-hybrid system with limited solar field area when the mirror array arrangement is settled.
(5) Horizontal flat receivers are preferred for the CLFR-hybrid system with better optical performance. The receiver inclination angle over 55° results in significant reductions in both concentration and utilization ratios.
This paper have presented a generalized methodology for optical design of the CLFR-hybrid system and demonstrated the feasibility of the CLFR-hybrid system with flat mirrors and polar orientation. The work provides progress to the field of concentrated solar power.
